Preface
The purpose of this experiment was to determine the effect that various slave-joint bandwidths have on telerobot system performance. The telerobot system consisted of a Robotics Research Corporation slave arm controlled by a Kraft Telerobotics master. The slave incorporated an impedance loop to provide local compliance in addition to the compliance provided by the operator via force feedback. Three joint bandwidths, 0.5, 1.0, and 2.0 Hz were used in the study. The performance measures were the task completion time and the sums of the squared forces and moments exerted on the environment.
The task consisted of peg-in-hole insertion and removal.
The results of the experiment indicate a significant performance decrease at 0.5 Hz bandwidth relative to the 1-and 2-Hz bandwidths.
There was no significant change in performance between the 1 and 2 Hz bandwidths. Tuning the system consisted of setting the force reflection and position scale factors and the impedance filter damping.
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Position and force feedback scaling were set at 4:1 for position and 30:1 for force feedback.
While these position and force reflection gains are low relative to other state-of-the-art systems, the results of this experiment should apply at least qualitatively to other, more highperformance, systems. The impedance filter damping was set to the lowest value consistent with stable performance of the peg-in-hole task.
Note that in the present study, no attempt was made to optimize these parameters.
An Apple Macintosh-based data acquisition system collected the data from the force/torque sensor. The CT, SOSF, and SOSM were all computed from the resulting force record. Analysis of variance (ANOVA) techniques assesed the significance of the effects of bandwidth on the performance me_cs.
The experimental results indicate poor system performance at the 0.5-Hz bandwidth relative to the performance at 1.0 and 2.0 Hz. The results also indicate no statistically significant difference in performance between the 1.0-and 2.0-Hz bandwidths.
One possible explanation of the CT results is that the frequency content of the operator's motion commands is between 0.5 and 2.0 Hz. The SOSF and SOSM results may be attributed to the effect of the impedance loop when the robot is in contact with the environment. A model of the system at 0.5 Hz has significantly less phase margin than at thel or 2 Hz bandwidth settings. The low phase margin at 0.5 Hz leads to underdamped oscillatory behavior in contact. This behavior leads to large forces and moments exerted on the environment.
This behavior could also have a negative impact on the CT. In contrast, the 1-and 2-Hz systems have better damping than the 0.5 Hz system. Validation of these hypotheses should be the subject of future studies.
INTRODUCTION
The Engineering Test Bed (ETB) at Goddard Space Flight Center (GSFC) support NASA Goddard's efforts in space robotics.
Recently, the ETB initiated a study to examine the effects of slave joint position servo bandwidths on the performance of a telerobotic system. Given that a telerobot is a complex system driven by a human operator, it is not feasible to predict such effects analytically, and therefore, an experimental investigation was required. Understanding the role of joint bandwidth may enable the design of future space telerobotic systems for optima/performance. In particular, the results of these tests will aid in the design of NASA's fast space robot, the Flight Telerobotic Servicer (FTS), and its prototype for Development Test Flight 1 (DTF-1).
This report details the experimental design and the results of the tests used to examine the effects of various free-space slave joint position bandwidths on telerobot performance. In Section 3, the experimental apparatus is described, including the telerobot system, the workstation, and the data collection system. In Section 4, the design of experiments is discussed, including selection of factors, performance metrics, experimental design, the setting and verification of the telerobot parameters, the experimental procedures and a description of the analysis procedures.
In Section 5, the results and discussion of the results are presented. Section 6 contains the conclusions and suggestions for further research. In thesamesurvey,several expertsin thefield of teleoperation wereasked"What... is theminimum acceptable master-slave frequencyresponse for a tele-operated system?"Theiranswers rangedfrom 0.25Hz to 10Hz. The general consensus wasthatlessthan 10Hz is required(the medianvaluewas 5 Hz). In additionto this survey,therearetwo experimental studiesin the literaturewhich address the bandwidthissue.
BACKGROUND
Book andHannema [1980] performedexperiments with a 2 degree-of-freedom (DOF), planar telerobotto determinetheeffectsof variousjoint bandwidths on thesystemperformance.They used completiontime (CT) toquantifyperformance. Theircontrolsystemprovidedthe slavearmwith a constant joint positionbandwidthatall joint angles.Theexperimental resultsshowedthattherewas improvement in taskcompletiontime asthe slavemanipulator joint bandwidthincreased from 1to 3.5 Hz. However,little improvement wasobservedfor bandwidthshigherthan3.5 Hz.
Kim, et a1. [1987] performed simulation studies to assess the effects of several parameters, including joint bandwidth, on telemanipulator system performance. They simulated a 3-DOF robot performing a pick-and-place task. Completion time was the performance measure.
The results showed an exponential increase in performance (exponentially decreasing CT) as the joint bandwidth increased. The curve began to approach its asymptotic value at a joint bandwidth of about 2 Hz.
In comparison, this study is the first to employ an industrial manipulator. In addition, it is the first bandwidth study to use both completion time and exerted force/torque as performance measures.
EXPERIMENTAL APPARATUS
The apparatus used in the experiments has three major components which are described below: the telerobot system, the operator workstation, and the data collection system.
Telerobot System

System Hardware
The telerobot system hardware consists of an RRC arm and a Kraft Mini-Master Controller. Mounted on the last link of the arm is a JR3 force/torque sensor. The sensor contains anti-aliasing f'dters set at a cutoff frequency of 16 Hz since the sampling rate of the system was 50 Hz. The peg for the peg-inhole task is mounted directly to the wrench sensor.
The control algorithms run on three Intel 386/31 boards mounted in a Multibus I card rack. The RRC hardware is under the control of the Multibus I computers. Similarly, the Kraft Mini-Master Controller system communicates with the Multibus I. A simplified block diagram of the system is shown in Figure 3 .1. While the RRC ann is a 7-DOF manipulator, the control algorithm only uses the last six joints. The base joint is essentially fixed. This eliminates the need for any redundancy resolution schemes. 
System Software
The system software has several features which allow the telerobot system to operate in a variety of configurations.
The options offered to the operator are: motion mapping, motion scaling, motion frame, indexing, axis selection, axis frame, force reflection, force reflection scaling, impedance stiffness, and impedance damping. See Appendix A for a description of some of these features. For a complete description see Leake [1990] . For this experiment, the values selected stayed the same for all trials.
Workstation
Operator Workstation
The operators performed all tasks from the workstation shown in Figure 3 .2. A headset which played a "pink noise" background sound prevented auditory feedback from the task area. The operators were not allowed direct view of the task panel (described in the next section). Instead, the operators viewed the task panel via monitors connected to three cameras. The first camera was on the wrist of the robot ann viewing down the axis of the peg. The second camera was on the side of the task panel, viewing in a direction normal to the hole axis. The third camera was above and towards the side of the task panel.
Task Panel
The task panel, shown in Figure 3 .3, is modular in design so that a variety of tasks can be implemented. For these tests, only a peg-in-hole task was used. The peg for the task was 16 inches long and 0.600 inch in diameter.
The hole used for the task was 1 inch deep and 0.620 inch in diameter. 
Data Acquisition and Analysis System
The data acquisition system recorded the data from the force/torque sensor. It consisted of a Macintosh II computer equipped with a MacADIOS (Analog/Digital I/O) board. Analog signals from the force/torque sensor were sampled at a rate of 50 Hz and stored in memory.
Sampling of the raw data commenced once an initial tap was detected and continued for a fixed, user defined, time period. At the end of this period, the data were transferred from memory to a f'de on the hard disk.
Deriving the actual force components along the Cartesian coordinate axes required further processing of the raw force/torque daka. The program developed for this purpose computed the metrics from the force records and stored them in a single file. Each record in the file contained the operator's name, the trial number, the repetition number, the completion time, the sum of squared forces, and the sum of squared moments.
4.0
EXPERIMENT DESIGN
Factor Selection
Several experts from GSFC, Martin Marietta, and the University of Maryland contributed to the list shown below.
It lists all of the parameters (factors) of the telerobot system of interest, in order of importance.
The suggested levels for each factor are also given.
1. Joint Position Bandwidth (0.5, 1, 2 Hz) 2. Cycle rate (50, 100 Hz) 3. Force feedback (off, low, high) 4. Impedance function (off, low, high) 5. Pose (close to singularity and/or joint limit, etc.)
Other factors, external to the telerobot system, but which may influence performance:
6. Environmental Stiffness (low, high) 7. Task (peg-in-hole, contour board, truss node) 8. Number of operators (6 to 10)
Based on time constraints, the decision was made to determine the effect of the bandwidths (item #1) on the system performance for the peg-in-hole task (item #7), using an appropriate number of operators (item #8). The remaining factors were maintained a nominal levels throughout the experiment.
The peg-in-hole task combines both accuracy and dexterity requirements. A recent teleoperator study by Molino [ 1990] helped to determine the number of operators.
For an alpha risk of 5% (95% confidence level), calculations indicated that 6 operators performing 5 repetitions each yields statistically significant results for detecting a 15% reduction in task completion time (beta risk). Each operator performed several training runs to reduce or eliminate any learning effects.
This experiment uses a full factorial design; i.e., all operators performed the experiments at each bandwidth level for the specified number of repetitions. This provides the ability to determine any interaction effects between the operator and the joint bandwidth.
Selection of Performance Measures
The most common performance measure found in relevant studies is the completion time for the task (see Molino [1990] 
Setting of Parameters
Several parameters of the telerobot system had to be tuned. The parameters included the position and force feedback scaling between the master and slave, the damping of the impedance filter, and the bandwidth of the joints. Damping, position scaling and force feedback scaling had to be specified such that the system remained stable. For this experiment, we tried to find the maximum (or minimum)
value which allowed us to perform the peg-in-hole task in an "efficient" manner.
Clearly, this is a subjective method. Future studies will address objective selection of these parameters.
The level of force feedback and position scaling were chosen by an experienced operator who performed the peg-in-hole task several times under various combinations of force and position scale values.
The position scale was set such that the task could be completed by indexing only once. (See Appendix A for a definition of indexing.) The selected value of force reflection scaling allowed the operator to receive sufficient force information to aid in completing the task without becoming fatigued after several repetitions.
Based on this subjective analysis, the value for the position scale was set to 4:1, and the force scale was set to 30:1.
The stiffness of the impedance filter was set to 5 Ibs/in to emulate the Cartesian stiffness of the DTF-1 ann. The damping constant was the minimum damping value compatible with stable execution of the peg-in-hole task. This turned out to be approximately 350 lb/in/sec.
A digital falter between the digital controller and the analog control hardware sets the desired joint bandwidth and damping. This approach is feasible since the analog hardware provides the robot with high (5-8 Hz) joint bandwidths compared to our desired maximum of 2 Hz. The filter gives the joint a second-order response with a damping ratio of 0.707.
The values of joint bandwidth, cycle rate, and system latency were validated during the experiment. Digital Fourier analysis of the motion resulting from square wave excitation of each joint determined the frequency response of the joint. Verification of the cycle rate (50 Hz) and the latency (20 ms) required software toggling of an I/O port bit every cycle. The toggle frequency, as measured on an oscilloscope, determined the cycle rate and latency values.
Experimental Procedures
Each operator performed the peg-in-hole task for each of the three joint bandwidths, in a random order. This set of three tests comprised one repetition. Appendix D provides the step-by-step procedure used in the experiments. Each operator performed a total of five repetitions. Before the 7 startof the actualtests,the operatorperformedtwo "warm-up"tasks.
Operators and Training
All six operators had technical background and some experience with teleoperated systems. Their ages ranged from 24 to 55 years old.
Each operator received 2 hours of training including a half-hour introduction to the telerobot system. During the introduction, the operators were exposed to the motion mapping of the master to the slave, the camera views, and the motions seen in each view. They received tips on system operation. Familiarization with the hand controller and its operation followed. Next, the operator used the hand controller to make free-space motions. Finally, the operator was allowed to contact the task panel. Tracing of a contour with the peg was used to familiarize the operator with the force feedback. Training also included several attempts of the peg-in-hole task.
Peg-in-hole Task Procedure
The task procedure consisted of lust positioning the slave at the home position, 3 inches in front of the home square.
A bandwidth, selected at random, was entered into the system. The operator then began the task after initiation of the data collection routine.
The task consisted of four steps:
1. Tap panel at home square 2. Insert peg to bottom of hole 3. Remove peg from hole 4. Tap home square with peg Note that the taps at the beginning and end of the task produce characteristic impulses in the force record.
These impulses identify the start and end of the task.
Analysis Procedures
The measures CT, SOSF, and SOSM, were computed directly from the force data. A typical force record is shown in Figure 4 The analysissoftwarecomputed completiontime by identifyingtheendof eachrecord. The SOSx (wherex is "F" or "M") wascomputedas: The results of the ANOVA for each of the dependent variables, completion time (CT), sum of squared forces (SOSF), and sum of squared moments (SOSM), are shown in Table 5 .3. In the column labelled "source I' are the possible sources of experimental deviation. "Opr" is the operator, "Bnh" is the bandwidth, Opr*Bnh is the interaction between the operator and bandwidth. Error indicates all other possible causes.
The values in the column labelled "df" are the degrees of freedom in the sources.
The sum of squares are computed from the data points. The mean square values are the sum of square values divided by the degrees of freedom.
The F-ratio values are the mean square values divided by the mean square of the error. The last column is the "prob" ("probability"), column. The probability is the value of interest for this experiment.
For the results to be statistically significant at the 95% confidence level the "probability" value should be less than 0.05. For example, in the CT The differences between the means of CT, SOSF, and SOSM corresponding to the 1-and 2-Hz bandwidth values are not significant. However, the differences between the 0.5-Hz and 1.0-Hz or 2.0-Hz systems are significant. 
Discussion
Critical arguments that justify the results are provided below.
The first factor considered is completion time. The completion time decreases as the joint position bandwidth increases from 0.5 to 1 to 2 Hz. We therefore expect that the CT will decrease with increasing bandwidth if a significant amount of free-space travel is required in the task. This expectation holds true between the 0.5-and 1-Hz system. Surprisingly, the CT does not decrease significantly as the joint bandwidth increases from 1 to 2 Hz.
One possible explanation is that the operator commands positions with maximum frequency components between 1 and 2 Hz. This explanation implies that the 2-Hz bandwidth would not decrease the CT. These results agree qualitatively with those in Book and Hannema [1980] and Kim et al. [1987] .
Both of these studies indicate an exponentially decreasing CT with increasing joint bandwidth.
The curves approach their asymptotic values near 3 Hz (+/-0.5 Hz). It is possible that our experiment did not have enough resolution to discern the increase in performance between the 1-and 2-Hz systems.
Another possible explanation is that operator spent more time inserting and removing the peg in the 0.5 Hz system.
The force/torque data records contain the information required to determine the insertion/removal times.
The next factors considered are the SOSF and SOSM. The experimental data shows a large decrease in SOSF and SOSM between the 0.5 Hz and 1 Hz systems, and little difference between thel and 2 Hz systems.
We analyze this data using a model of an impedance controlled manipulator in contact with a stiff environment recently developed by Kim and Bejczy [1990] .
The details of this analysis are given in Appendix B. The analysis indicates that that the 0.5 Hz system is marginally stable. This situation would result in relatively large forces exerted on the environment due to the long settlin.g time of the impedance loop. In contrast, the 1 and 2 Hz systems have nearly the same phase margin, so we would expect their responses to be nearly the same. The data agree with this hypothesis.
The final observation is about the SOSM. The ANOVA (the "Prob" column in the "Opr" row of Table  5 .3 for SOSM) indicates that the SOSM is independent of the operator. This is in direct contrast with the CT and SOSF, which are strongly dependent on the operators. Currently, there is no explanation for this result.
CONCLUSIONS AND FURTHER RESEARCH
The main purpose of this study was to determine the effect the slave manipulator joint bandwidths on telerobot performance.
Our results indicate that lowering the bandwidth from 1 or 2 Hz to 0.5 Hz impairs system performance.
One concern is the issue of applicability of these results to other systems with different dynamic characteristics.
In particular, an arm with different contact characteristics (such as the DTF-1 manipulator) may yield different results for a similar set of experiments. The differences would most likely appear in the forces exerted on the environment since they are highly dependent on contact characteristics.
Currently, the DTF-1 manipulator has design specifications of 1-Hz joint bandwidth, a damping ratio of 0.707 and approximately 5-1bs/in Cartesian stiffness without an impedance loop. The system used in this experiment, in contrast, required an impedance filter to give the slave arm the same Cartesian stiffness.
The trade-off was that the impedance filter required a large damping constant to maintain system stability.
The Cartesian response of the experimental system in contact with the environment is thereforedifferentfromthatof the proposed DTF-1 manipulator.
In the future, we will have to make our Cartesian impedance equivalent to that proposed for DTF-1 or FTS in order to make comparisons between the two systems.
Changing the contact performance may require using a higher joint bandwidth so that a higher bandwidth impedance f'dter can be used. This implies a direct wade-off between the free-space motion equivalence and the contact impedance equivalence.
Results of this study also show that validating "improvements" to the telerobot system requires valid statistical experimentation and analysis using objective measures of performance. The CT, SOSF, and SOSM are three such measures.
It must be pointed out that the performance of a telerobot system is a function of the operator, the master, the slave, the environment, and their interactions. Any change in one of these factors has to be evaluated in terms of its impact on the total system. There are still several questions which remain from this study. These Bode plots show that the 0.5-Hz system is marginally stable (phase margin equal to 0 degrees).
The comparison with the 1 and 2 Hz systems is the point of interest.
The 1-and 2-Hz systems have phase margins of 25 degrees and 28 degrees, respectively. Clearly, both systems have an acceptable damping ratio.
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